Gene therapy and genetic vaccines promise to revolutionize the treatment of inherited and acquired diseases. Since viral vectors are generally associated with numerous disadvantages when applied to humans, the administration of naked DNA, or DNA packed into lipo-or polyplexes emerge as viable alternatives. To satisfy the increasing demand for pharmaceutical grade plasmids we developed a novel economic downstream process which overcomes the boĴlenecks of common lab-scale techniques and meets all regulatory requirements. AĞer cell lysis by an inhouse developed gentle, automated continuous system the sequence of hydrophobic interaction, anion exchange and size exclusion chromatography guarantees the separation of impurities as well as undesired plasmid isoforms. AĞer the consecutive chromatography steps, adjustment of concentration and final filtration are carried out. The final process was proven to be generally applicable and can be used from early clinical phases to market-supply. It is scaleable and free of animal-derived substances, detergents (except lysis) and organic solvents. The process delivers high-purity plasmid DNA of homogeneities up to 98% supercoiled form at a high yield in any desired final buffer.
For the production of pharmaceutical-grade plasmid DNA (pDNA) at an industrial scale three main requirements have to be met. First, the drug substance produced must be of highest quality, free from contaminating bacterial components. Second, the process has to produce a cost-effective yield per volume of culture broth. Last, the whole process must be compliant to regulatory guidelines.
Thereby the physico-chemical properties of pDNA, which are significantly different to those of proteins, have a strong impact on the technical and quality related issues (Table 1) . The charge of polynucleotides is highly negative under physiological conditions and due to their size and shape they are more sensitive to shear forces (Levy et al., 1999a; 1999b; 2000a; 2000b) . A typical plasmid with a size of 3 to 20 kilo base pairs appears in different topological isoforms. The supercoiled (sc) or covalently closed circular (ccc) form (Sinden & Alkek, 1994 ) is considered as most appropriate for therapeutic applications and is therefore the desired form. The other topological pDNA forms are derived from the ccc form by either single strand nick (open circular or oc) or double strand nick (linear). Conjugation, in turn, leads to di-and oligo-/multimeric pDNA forms, called concatemers and catenanes (Kreuzer & Cozzarelli, 1980; Martin, 1996; Summers, 1996) . The homogeneity, expressed as percentage of the ccc form, should be higher than 90% (US FDA, 1996a; 1996b; Marquet et al., 1997) and is the most important parameter, beside the purity, to determine the quality of the final pDNA product (US FDA, 1996c) . A minimized content of other host-related impurities such as gDNA, RNA, proteins and endotoxins is obligatory as well (Jansen & Petterson, 1993 , Wicks et al., 1995 Middaugh et al., 1998; Strick et al., 1998; US FDA, 1998; Prazeres et al., 1999; Schleef et al., 1999; Weir, 1999; Levy et al., 2000b) .
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In general, a process for producing pDNA therapeutics follows the steps of fermentation, cell disintegration and purification. Yield, productivity, cost of goods and validation have a major impact on the process economy and the overall performance. For fermentation at present Escherichia coli is the most commonly used production host. Key parameters of the fermentation process are cell density and plasmid copy number as well as homogeneity and yield (total/specific), which are strongly influenced by the host strain, the fermentation mode, the medium-composition and the harvesting point (Kreuzer & Cozzarelli, 1980) . For the purification chromatography supports providing a high pDNA capacity and high flow-rates, resulting in a high productivity, are required (Sofer & Hagel, 1997b) . A step yield greater than 80% is obligatory for an economic process. Generally, simple unit operations and the avoidance of critical reagents such as animal-derived compounds (e.g., enzymes), detergents and organic solvents significantly reduce the effort for validation and for precautions regarding patient and operator safety.
Downstream processing of pDNA starts with the disintegration of cells to release the plasmid. Since high-pressure homogenization due to the shear force sensitivity of polynucleotides (Carlson et al., 1995) is not applicable, and enzymatic disintegration (Asenjo & Andrews, 1990 ) are economically and regulatorily unfavorable, chemical lysis (Foster, 1992) is the method of choice for industrial-scale production of pDNA. Usually, the disintegration of bacterial cells is therefore performed by alkaline lysis, first described by Birnboim and Doly (1979) .
AĞer recovering a clarified lysate one or usually more purification steps take place. Table 2 gives a rough overview of currently published processes for pDNA purification. Precipitation and extraction of pDNA by organic solvents, ultrafiltration, and predominantly liquid chromatographic techniques are most widely used for this purpose. Most of the available processes for pDNA purification are time- In the majority of the processes cell disintegration is carried out by (modified) alkaline lysis. consuming and not scalable. Furthermore, due to the application of materials that are not certified for application in humans or due to the application of enzymes of avian or bovine origin and of toxic reagents such as phenol, CsCl, CsBr, etc., these processes do not meet the appropriate guidelines of the regulatory authorities (Miller et al., 1997; Shamlou, 2003; Prather et al., 2003; Eon-Duval & Burke, 2004) . Chromatography is considered as the method with highest resolution, therefore being essential for producing pDNA suited for therapeutic applications. The most commonly used techniques are anion exchange (AIEC) (Eon-Duval & Burke, 2004) , hydrophobic interaction (HIC) (Diogo et al., 2000) and size-exclusion chromatography (SEC) . It has to be considered that the large pDNA molecules adsorb only at the beads` outer surface of particulate supports (Mao et al., 1991; Prazeres et al., 1999; Eon-Duval, 2003; Shamlou, 2003; Zöch-ling et al., 2004) . Consequently capacities are usually on the order of hundreds of micrograms of plasmid per milliliter of chromatographic support, compared to 200 mg/ml reported for proteins (Shamlou, 2003) . Apart from impurities, the supports must also be suited for the separation of the undesired pDNA isoforms. Summarized, efficient pDNA purification requires a fast, reliable and affordable high-resolution downstream process under mild conditions.
Technologically advanced alternatives to porous particles are monoliths, which are continuous beds consisting of a single piece of a highly porous solid material (Tennikova & Svec, 1993; Svec & Frechet, 1995) . Since the liquid moves through the pores of these supports by convective flow, mass transport is not diffusion-limited and therefore enhanced. In addition, the majority of binding sites are accessible to pDNA, resulting in an increased capacity. It has been previously shown, also by our own work (Necina et al., 2003; Urthaler et al., 2005) , that polymethacrylate-based short monolithic columns (Strancar et al., 2002) , distributed under the trade name CIM (Convective Interaction Media) (Podgornik et al., 1999) can be used for pDNA purification (Giovannini et al., 1998; Strancar et al., 2002; Bencina et al., 2004; Branovic et al., 2004; Zöchling et al., 2004) .
In this paper we describe our novel purification process for pDNA. The development resulted in a generic and scaleable industrial process, which is routinely used in the scale of 200L up to 4000L fermentations, proven with various plasmids of 3-10 kbp in size (Fig. 1) . The process consists of a gentle, automated and continuous lysis and clarification procedure and three subsequent chromatography steps, based on different principles, as key steps of the purification. All critical components of many existing pDNA production processes such as antibiotics, enzymes, detergents (except SDS during lysis) and organic solvents are avoided. Process-control is performed by novel high resolution analytical methods guaranteeing highest possible quality standards. The process fulfills all regulatory requirements and delivers pharmaceutical-grade pDNA, which is up to 98% in the supercoiled form. The final genomic DNA content is lower than 10 μg/mg plasmid DNA, RNA is not detectable by agarose gel electrophoresis, the protein content is lower than 1 μg/mg plasmid DNA and the endotoxin content lower than 0.1 EU/mg plasmid DNA at the industrial scale. An average overall yield of 50% in the desired final buffer was obtained.
MATERIALS AND METHODS

Materials
For the chromatography steps Toyopearl Butyl 650 M was purchased from Tosoh (StuĴgart, Germany). The CIM DEAE supports were provided by BIA Separations (Ljubljana, Slovenia) and Sepharose 6 FF by Amersham Biosciences (Uppsala, Sweden). Filters for the conditioning step (Kleenpack HDC II) were provided by Pall (New York, USA) and for final 0.22 μm filtration (Millipack) by Millipore (Billerica, MA, USA). For ultrafiltration hollow fiber cartridges from Amersham Biosciences were used for lysate concentration and Pellicon caseĴes from Millipore for the final adjustment of the concentration.
HPLC analysis was carried out with DNA-NPR columns (id: 4.6 mm, length: 75 mm, particle size: 2.5 μm) purchased from Tosoh (StuĴgart, Germany).
Ammonium sulfate was purchased from JT Baker (Phillipsburg, NJ, USA) and SDS from SigmaAldrich (St. Louis, MO, USA). All other chemicals were purchased from Merck KGaA (Darmstadt, Germany).
The plasmid pRZ-hMCP1 (4.9 kbp; host: E. coli K12 JM108, ATCC No. 47107) and four other plasmids (hosts: JM108 and DH5-α) in the size range of 3 to 10 kbp were used as model plasmids. E. coli biomass containing pDNA was produced in-house. Fermentations were carried out either in a batch or a fed batch mode, currently yielding up to 1 g pDNA/l fermentation broth in a continuous stirred tank reactor according to a proprietary protocol.
Instrumentation
For the cell disintegration and clarification a proprietary system, built in-house was used. For the chromatography steps QuickScale columns from Millipore were used for the particulate supports. In the case of the monolithic support prepacked 800-ml radial flow CIM tube monolithic columns (BIA Separations) were applied. The runs were conducted on a K-Prime 400 II system with software CCP Version 5.00 (Millipore). Ultradiafiltration steps were carried out on in-house assembled systems. For the flat membranes the Centrasette (Pall) was used as a cassette holder. Membrane-filtration steps were carried out by peristaltic pumps (Watson Marlow).
Analytical HPLC was carried out on an Agilent 1100 system (Agilent Technologies, Palo Alto, CA, USA).
Methods
Analytics. For the quantification and qualification of pDNA an in-house-developed anionexchange HPLC protocol was used as a standard method. Since the established method enables one to distinguish between the different topological pDNA isoforms the homogeneity can be determined beside the pDNA concentration.
The applied flow rate for the DNA-NPR column was 1 ml/min for all steps. As equilibration buffer 20 mM Tris/HCl at pH 9.0 was applied. Elution was achieved by applying a linear gradient of 50-75% elution buffer (20 mM Tris/HCl, 1 M NaCl, pH 9.0) within 5 min. Detection was carried out at a wavelength of 260 nm (reference: 360/100).
This HPLC method was used for fraction and pool analysis and to determine the yield and recovery of each process step. Since the exact elution-time of the different pDNA isoforms depends on the size of the plasmid, internal standards were used for peak identification. During standard in-process-control external standards were used.
Genomic DNA was determined by Southern bloĴing or qPCR, and RNA by agarose gel electrophoresis. For the detection of residual protein the bicinchoninic acid (BCA) assay was used. Endotoxins were analyzed by a LAL-gel cloĴing assay according to USP.
Cell disintegration/alkaline lysis. The E. coli cells were disintegrated by a modified alkaline lysis method initially described by Birnboim and Doly (1979) (see also : Birnboim, 1983) , utilizing a novel proprietary automated system . First, the pDNA-containing wet cell paste was resuspended in resuspension buffer (0.05 M Tris/HCl, 0.01 M EDTA, pH 8) by stirring the mixture at room temperature until a homogenous suspension was obtained. AĞerwards, lysis by 0.2 M NaOH and 1% SDS, neutralization by 3 M potassium acetate at pH 5.5 and clarification took place continuously in the respective devices of the system. Collected clarified lysate was further processed. For comparison, reference samples were produced by manual lysis of small aliquots of the resuspended cells.
Purification
The clarified lysate was conditioned by a three-step procedure. First the lysate was concentrated by hollow-fiber ultrafiltration by a factor of 5-10. AĞerwards, a 4 M ammonium sulfate stock solution was added to adjust the solution to achieve binding on the subsequent HIC column. Finally the precipitate built during ammonium sulfate addition was removed by filtration. The conditioned lysate was loaded on the HIC column at a linear velocity of 120 cm/h for binding. Elution at 75 cm/h was achieved by applying an optimized linear gradient. The buffers used contained 0.1 M Tris, 0.01 M EDTA with and without 2.8 M ammonium sulfate at pH 7. The ccc-pDNA containing fractions were pooled and directly loaded on the AIEC column, which was previously equilibrated with a buffer of same composition like that used for elution from the HIC column, containing 0.3 M NaCl. Loading was performed at 2 column volumes (cv)/min. Elution of ccc-pDNA was carried out by a gradient step to 40% of elution buffer containing 1.5 M NaCl at a flow-rate of 0.5-1 cv/min. The collected pDNA solution was further processed directly at 60 cm/h by the SEC column, which was equilibrated with formulation buffer. To adjust the desired final concentration the volume of the SEC pool was reduced by simple ultrafiltration. At the end of the process 0.22 μm filtration of the final pDNA solution was conducted.
RESULTS
Our development for the cell disintegration step of E. coli cells for pDNA production resulted in an automated modified alkaline lysis method. The subsequent clarification step is directly linked. The developed devices provide a gentle and continuous cell lysis and (semi-) continuous separation of the flocks consisting of precipitated impurities and detergent. The system for GMP production (Fig. 2) consists of two skids including a central controlunit. The containers and tubings are made of highquality stainless steel (316L) and plastics suited for pharmaceutical production in a sanitary design. They can be cleaned in place (CIP) and steamed in place (SIP).
The results of the optimized process step obtained in routine production without the use of enzymes are similar to the gentle, manual reference lysis. As an example Fig. 3 shows the relevant analytical chromatograms obtained with a 6.9 kbp plasmid. The elution profile and the peak paĴern were similar. Beside the plasmid size, the large amount of impurities present in the lysate contributes to a later elution of ccc-pDNA from the analytical column compared to, e.g., the HIC pool of the 4.9 kbpplasmid shown in Fig. 4 . The yield of the automated lysis was in the range of 80-100% compared to the manual procedure. Assuming that the reference method is quantitative it can be concluded that all cells were disintegrated by the automated system and the majority of pDNA recovered. The purity was comparable as well. Furthermore, the homogeneity was in the same range of about 90%. Therefore it can be summarized that the automated procedure is gentle and applies only low shear forces without degradation of pDNA.
In contrast to other protocols, which start with AIEC, HIC was chosen as the capture step due to the results of a previous comparison study. Due to the initially present salt concentration in the lysate the amount of ammonium sulfate needed to bind pDNA on the HIC support was lower compared to the use aĞer AIEC. In most of the experiments with AIEC as a capture step the yield and the recovery were lower. The combination of the conditioning and the HIC step is advantageous since most of the impurities, also potentially contributing to pDNA degradation, are already separated at an early process stage.
By the lysate concentration step the process time until end of loading the first chromatography column could be reduced by at least 50%. During the ammonium sulfate addition various initially present impurities precipitate and can be removed by the subsequent filtration.
The outstanding resolution of the optimized HIC-capture step at an industrial scale is shown by the preparative chromatogram and the corresponding analytical HPLC chromatograms in Fig. 4 . All peaks are baseline separated. In this example the smaller pRZ-hMCP1 plasmid of 4.9 kbp was used. Therefore the HPLC retention time was shorter com- Lysate (6.9 kbp-plasmid) of the novel continuous automated system (analytical HPLC chromatogram, A) versus reference lysate (analytical HPLC chromatogram, B): both treated with RNase for analysis. Alkaline lysis was done by continuous mixing of resuspended cells with lysis buffer (contains NaOH and SDS) and subsequent neutralization by potassium acetate buffer for the large scale system. For the reference lysate the same buffers were used but lysis was carried out discontinuously, at a small scale by hand.
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pared to the 6.9-kbp plasmid shown in the lysis example (Fig. 3) . The first peak contains oc-pDNA and some impurities, while the second peak is the main product peak. It contains pDNA of a homogeneity higher than 95% ccc form and a strongly reduced impurity content. This fraction (b) was further processed by the intermediate step. RNA and more strongly bound impurities elute with the third peak. The last peak is caused by regeneration with NaOH.
Beside the obvious reduction of RNA, the HIC step is characterized by excellent properties for the removal of residual gDNA, proteins and especially endotoxins. Usually yields greater than 80% were observed for this capture step.
Since the intermediate step should also serve as a concentration step, supports with a high capacity for pDNA were sought. Therefore CIM DEAE and Fractogel EMD DEAE with a dynamic binding capacity between 5 and 10 g pDNA/l support were selected. In both cases the pool from the previous HIC step can be directly used as feed solution for the AIEC. As published by Strancar et al. (2002) and confirmed by our own results for pDNA (Urthaler et al., 2005 ) the monolithic support is characterized by a flow rate-independent resolution. Furthermore, only a short bed is needed for the separation, which keeps the backpressure at a lower level. To overcome the boĴleneck of scalability the approach of radial flow columns and a tube-in-a-tube design were chosen (Podgornik et al., 1999) . The high flow rates applicable are the main advantage of the monolithic support over a particulate one. Since also capacity is more or less flow rate-independent, the productivity of the monolith is 5-10 times higher. The CIM DEAE tube monolithic columns of 800 ml, as currently the largest commercially available size are suitable for the production of up to 15 g of purified pDNA. Fractogel EMD DEAE was applied for the production exceeding 10-15 g of purified pDNA.
Independent of the support used the preparative elution profile was similar when both options were compared. Two baseline-separated peaks were observed. The first small peak predominantly contained non-pDNA impurities. The second peak contained the desired supercoiled pDNA product at a high concentration. For the industrial production a step gradient was optimized for the CIM (Urthaler et al., 2005) . The collected peak contained pDNA of a further improved purity. Due to the high capacity of the resin and the relatively small elution volume of about 5 column volumes the concentration of the resulting pool was high (up to 10-fold compared to the initial concentration). The homogeneity was maintained during this step. Regarding impurities this step is especially useful for further removal of proteins and endotoxins. The pDNA recovery of over 95%, without regeneration, was satisfactory. Yields greater than 90% were usual for AIEC as an intermediate step. The AIEC pool was directly processed by the polishing step.
As the last purification step size exclusion chromatography (SEC) was chosen, since it has the potential to reach two objectives in one operation. On the one hand, a further purification was aspired and on the other, a buffer exchange. For the polishing step by SEC a resin with a high maximum feed volume of 30% of the column volume and a relatively high applicable flow rate of 60 cm/h was selected. Separation of undesired pDNA isoforms was not taken into account for the SEC step since the homogeneity of the AIEC pool is usually already at a sufficiently high level. During processing, the large pDNA molecules leave the column within the void volume. Since the salt, present in the feed solution, follows much later, a buffer exchange is possible. It can be assumed that any desired composition, depending on the specific needs for the final formulation, is possible as the mobile phase. Furthermore, residual lower molecular mass impurities, predominantly proteins and endotoxins, observed as the second absorbance peak, can sufficiently be separated. HPLC analysis of the pool did not show any residual impurities. The pDNA recovery was always in the range of 100%. Since polishing by SEC is carried out in a group separation mode and no unspecific binding of pDNA to the column was observed the yield was usually greater than 95%. The fractions at the front and the tail of the product peak containing the residual 5% were not pooled due to the low concentration.
For the final adjustment of the concentration by ultrafiltration, concentrations between 2 and 5 g/l are typically needed. However, our experiments showed that even 10 g/l is possible. Although the pDNA is cycled several times through the pump, the pDNA homogeneity was maintained (> 95%) due to the short process time. Recovery rates of about 95% without regeneration and yields usually greater than 90% confirmed the suitability of this process operation. The retentate is finally filtered (0.22 μm) with a yield of about 100%.
The purification steps deliver a final high-purity pDNA product of high homogeneity. Reproducibility and scalability of the process was confirmed by comparing the results (drug substance) of ten lab scale and ten industrial scale runs. As an example the results of six respective runs is shown in Table 3 . Since all process steps showed an average yield greater than 80%, the resulting overall yield was in the range of 40-70% and thereby slightly higher for the lab-scale runs. In this regard it has to be considered that yield is also influenced by the initial homogeneity of the pDNA in the cells, which was lower for the industrial scale runs shown. The obtained homogeneity and impurity results meet or even significantly exceed the usual requirements. Especially the endotoxin content was even lower at the industrial scale. By the recovery data and additional verification of the cleaning procedure it could be shown that all supports used are sanitizeable and that batch to batch contamination can therefore be excluded.
DISCUSSION
The presented process overcomes the challenges of industrial-scale production of pDNA as a new therapeutic molecule. It combines genetically optimized cell systems and a fed-batch fermentation technique with novel and conventional technologies for the purification. The pDNA produced under GMP conditions is suitable for pharmaceutical applications. By implementing innovative process steps, the boĴlenecks of traditional lab-scale processes could be circumvented.
For the lysis a method and a suitable device, which combines the intrinsic cell disintegration step, the neutralization step and the clarification, were developed. As a high-throughput-alternative hollow fiber membranes were used for lysate concentration in order to reduce process time of the subsequent steps. Since a large fraction of impurities are effectively removed by precipitation by ammonium sulfate this step serves as an additional purification step. Chromatographic purification is performed by HIC as a capture step, by AIEC as an intermediate step and SEC as a polishing step. HIC was shown to be the most effective chromatography step regarding separation of oc-pDNA, residual RNA and endotoxins. AIEC provides both further purification and some homogeneity increase as well as concentration of the pDNA solution. The application of monolithic supports at this step significantly increased productivity. SEC was used to separate low-molecular-mass impurities and to exchange the buffer to any desired buffer for final formulation. A final optional ultrafiltration step for adjustment of the requested concentration completes the process sequence. The downstream processing can be carried out within a net process time of less than 24 h resulting in high-purity pharmaceutical-grade pDNA, meeting all common requirements. Final homogeneities up to 98% ccc-pDNA are possible at an overall yield of over 50%. Since only standard buffer systems and certified supports and media are used, but no enzymes, no detergents beside SDS during lysis and no organic solvents, the regulatory and safety aspects are also excellent. In addition the developed process was shown to be fully scaleable.
